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Abstract 
Bulk magnetite (Fe3O4), the loadstone used in magnetic compasses, has been known to 
exhibit magnetoelectric (ME) properties below ~10 K; however, corresponding ME effects in 
Fe3O4 nanoparticles have been enigmatic. We investigate quantitatively the ME coupling of 
spherical Fe3O4 nanoparticles with uniform diameters (d) from 3 to 15 nm embedded in an 
insulating host, using a sensitive ME susceptometer. The intrinsic ME susceptibility (MES) of 
the Fe3O4 nanoparticles is measured, exhibiting a maximum value of ~0.6 ps/m at 5 K for 
d=15 nm. We found that the MES is reduced with reduced d but remains finite until d=~5 nm, 
which is close to the critical thickness for observing the Verwey transition. Moreover, with 
reduced diameter, the critical temperature below which the MES becomes conspicuous 
increased systematically from 9.8 K in the bulk to 19.7 K in the nanoparticles with d=7 nm, 
reflecting the core-shell effect on the ME properties. These results point to a new pathway for 
investigating ME effect in various nanomaterials.  
 
Keywords 
Magnetoelectric, magnetite nanoparticle, size effect, magnetic nanoparticle, iron oxide 
Magnetic nanoparticles have been extensively studied for the last decade due to their 
diverse biomedical applications, such as contrast agents for magnetic resonance imaging, 
hyperthermia, drug delivery, and bio separation.
1-4 
However, their magnetoelectric (ME) 
properties, which allow for the modulation of electric polarization P (magnetization M) by a 
magnetic field H (electric field E)
5-6
, have seldom been explored. The lack of work on ME 
properties mainly originates from the difficulties in determining the intrinsic ME coupling, 
particularly in the case of nanoparticles, due to their high electrical leakage and weak ME 
signals. Most previous studies on ME properties have thus been limited to bulk materials and 
thin composite films
7-9
. Meanwhile, ME nanoparticles, once realized, are expected to be 
useful for various applications, e.g., applying electrical stimuli for cell proliferation
10
, 
preparing electrically responsive surface for functionalization
11
, developing stimuli-
responsive photonic crystals
12
, and so on. 
To search for possible ME nanoparticles, it is first necessary tounderstand the behavior of 
an archetypal ME material, namely the magnetite (Fe3O4), in nanoparticle form. As the oldest 
known loadstone material and with a ferrimagnetic Curie temperature of 858 K, Fe3O4 
exhibits an intriguing metal-insulator transition, known as the Verwey transition, at Tv =~123 
K. The Verwey transition is accompanied by an intriguing charge ordering between Fe
2+
 and 
Fe
3+
 ions in the inverse spinel structure and a concomitant structural transition from a cubic 
to a monoclinic phase.
13-15
 However, this unique but complex phase transition, involving 
entangled spin-charge-lattice degrees of freedom, is not fully understood, and remains one of 
the long-standing conundrums in material physics.
15
 Apart from this Verwey transition, bulk 
Fe3O4 has been known to become ME below its ferroelectric transition, located at around 10-
38 K
16-18
, at which point a triclinic phase transition also seems to occur.
19
 Rado et al.
7-8
 were 
the first to observed the linear and bilinear ME effects in bulk Fe3O4 at 4.2 K. Several 
subsequent studies on the ME effect
20
, heat capacity
21
 and magnetization
22
 have uncovered an 
anomaly in the vicinity of 10 K, below which the ME coupling becomes sufficiently sizable 
to be measured. There have also been theoretical predictions that the ME effect arises from 
the peculiar charge/orbital ordering pattern involved in the Verwey transition and from the p-
d hybridization mechanism related to the intrinsic spin-orbit interaction.
23,24
  
On the other hand, mainly due to the experimental difficulties described above, there has 
been no systematic study of the size dependence of ME properties in spherical Fe3O4 
nanoparticles to date. However, progress in synthesis techniques has produced uniform, 
diameter-controlled nanoparticles, allowing for quantitative investigations of diameter-
dependent physical properties.
25-28
 For instance, a recent report
27
 by Lee et al. showed that 
the Verwey transition temperature starts to decrease for d20 nm and eventually disappears 
for d 6 nm.  
Here, we report the ME susceptibility (MES) of spherical Fe3O4 nanoparticles with a 
controlled, uniform diameter at various temperature and magnetic field conditions. In order to 
overcome the leakage currents arising from the conductivity of the nanoparticles, we mixed 
them into an insulating host material (Stycast
TM
 1266). Furthermore, we employed a custom-
designed ME susceptometer with a high charge oscillation sensitivity of 10
-17
C.
29-31
 The 
maximum MES (dP/dH) of 0.6 ps/m could be measured for nanoparticles with d=15 nm at 5 
K. The MES is generally reduced as d is decreased, but remains finite for d~5 nm. Moreover 
the temperature at which MES starts to appear is increased in the smaller nanoparticles, 
which could be explained by the core-shell effect. 
Fe3O4 nanoparticles with an averaged diameter (d=3, 5, 7, 12, and 15 nm) were prepared 
through one-pot thermal decomposition method.
27-28
 Iron chloride (FeCl2) and iron-2,4-
pentadionate ([Fe(acac)3]) were used as precursors, and were decomposed in the presence of 
the surfactants, oleic acid and oleylamine. The diameters and shapes of the nanoparticles 
were precisely controlled by varying the ratio of the metal precursors to the surfactants. In 
order to study the intrinsic ME coupling of the nanoparticles, the ligand, consisting of the 
surfactants, was removed by the ligand exchange method, which makes use of the 
tetramethylammonium hydroxide (TMAOH) and butyl alcohol (BuOH). Detailed procedures 
for the synthesis of the nanoparticles are given in the Supporting Information. For a 
comparative study, we also investigated two commercially available Fe3O4 bulk powders 
with different impurity levels; one (bulk #1) is from Sigma Aldrich (310069-Iron(II,III)oxide 
powder, <5 μm, 95 %) with average particle diameter of d=31 μm, and the other (bulk #2) is 
from Alfa Aesar (12962-Iron(II,III)oxide powder, 99.997 %) with particle diameters 
distributed from ~10 to 50 μm, denoted as d > 10 μm. 
For MES and dielectric constant measurements, the Fe3O4 nanoparticles and bulk powders 
were mixed with an insulating host matrix (Stycast
TM
 1266) and solidified under H= 0.4 T in 
order to align them along the magnetic easy axis (Fig. 1a). The volume fractions of the bulk 
powder and the nanoparticles in the insulating matrices were estimated from the measured 
density of the solidified Stycast
TM
 with and without guest particles, and were later used for 
normalization of the obtained MES data. The solidified specimens were cut into thin plate 
plates with surface parallel to the initial H direction, to align the nanoparticles. Silver 
electrodes were painted on both sides of the plate, in order to make parallel capacitors. To 
investigate ME properties, a highly sensitive ME susceptometer was developed, in which a 
pair of solenoid coils were used to generate an AC magnetic field of μ0Hac ~ 0.4 mT at a 
frequency of 171 Hz (Fig. 1b). The modulated polarization in proportional to the applied AC 
magnetic field was measured using a high-impedance charge amplifier with a gain factor of 
10
12
 V/C and a lock-in amplifier. Before the MES measurements, each sample was 
electrically poled at Ep = 3.33 kV/cm at a temperature of 50 K and H = 2 T, and then cooled 
to the target temperature. The electric field was subsequently turned off, followed by an 
electrical shorting of the electrodes. Since the MES measurement employs an AC technique, 
there exist in- and out-of-phase components. The in-phase signal (i.e., dP/dH) represents the 
intrinsic ME coupling, whereas the out-of-phase component can arise from electric leakage of 
the sample and/or the eddy currents mainly coming from the electrodes. We could verify that 
the extrinsic out-of-phase component was significantly reduced by embedding the 
nanoparticles in Stycast
TM
 (Figure S6, in the Supplementary Information). The dielectric 
properties were measured using a capacitance bridge (AH 2550A) at a frequency of 1 kHz, 
and magnetization by a vibrating sample magnetometer. All the measurements were carried 
out inside PPMS
TM
 (Quantum Design) as a function of H (0 – 2 T) and T (5 K – 50 K). Both 
AC and DC magnetic fields were applied perpendicular to the sample surface. 
The diameter and shape of nanoparticles were investigated using transmission electron 
microscopy (TEM, JEM-2100). Figure 1c shows a TEM image with an averaged diameter of 
d=15 nm. The TEM images and the histogram of the measured d of the Fe3O4 nanoparticles 
(Figure S1, supporting information) demonstrate that the d distribution is quite narrow (σ < 
13 %) and the spherical shapes is uniform for all of the particles investigated. In addition, the 
X-ray diffraction data (Figure S2, Supporting Information),  indicates the high purity of the 
Fe3O4 nanoparticles due to the absence of any impurity peaks. All of the diffraction peaks can 
be indexed with the cubic Fe3O4 spinel structure. 
Figure 2a shows the variation of MES (dP/dH) as a function of the bias magnetic field 
Hdc for Fe3O4 nanoparticles with d=15 nm at T=5 K. When a positive electric field poling 
(+EP) is applied and the magnetic field is reduced from 2 T, the MES increases up to the 
maximum of ~0.6 ps/m at 0.09 T and then decreases almost linearly to cross the intercepts of 
dP/dH (0.41 ps/m) and Hdc (-0.06 T) axes. The MES behavior can be generally understood 
from a free energy 𝐹(𝐸, 𝐻) expansion under the application of electric field and magnetic 
fields,  
𝐹(𝐸, 𝐻) =  −𝑃𝐸 − 𝜇0𝑀𝐻 +
1
2
𝜀0𝜀𝐸
2 +
1
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+ ⋯                (1) 
where 𝜀 and 𝜇 (𝜀0 and 𝜇0) are the dielectric permittivity and magnetic permeability of 
the material (vacuum) and 𝛼, 𝛽, 𝛾, and 𝜋 are linear (𝛼), quadratic (𝛽) and higher order ME 
coefficients. By minimizing 𝐹 with respect to 𝐸, the modulation of P and dP/dH at E = 0 
under low magnetic field regions can be described as  
𝛥𝑃(𝐸, 𝐻) =  𝑃(𝐸, 𝐻) − 𝑃(𝐸, 0) = 𝛼𝐻 +
1
2
𝛽𝐻2 + (𝛾𝐻 + 𝜋𝐻2)𝐸 + ⋯      (2)  
𝑑𝑃
𝑑𝐻
(0, 𝐻) =  𝛼 + 𝛽𝐻 + ⋯          (3) 
Above equations show that 𝛥𝑃(0, 𝐻) in low field regions can be approximately described 
by the H- linear and quadratic terms, if both 𝛼 and 𝛽 are finite values. Note that, in the 
expression for dP/dH, the linear ME coefficient 𝛼, if allowed in a material, remains as a 
constant, and the quadratic term 𝛽 is linear for a low H bias.  
The MES in figure 2a shows linear behavior for a low H bias which is often observed in a 
medium with a dominant strain-induced quadratic ME effect.
29
 However, the shape of MES 
is not exactly asymmetric with respect to the H sign reversal, as expected only in the 
quadratic ME media; the absolute value of the maximum in dP/dH is clearly larger than that 
of the minimum in dP/dH, indicating that a linear ME coupling effect (𝛼) should also exist. 
Another noticeable feature in Figure 2a is that the sign of dP/dH is reversed with the change 
of the  electric poling  from a positive (+EP) to a negative (-EP) value.This is an expected 
behavior in ferroelectric media.  
Figures 2b and 2c show the H-dependence of dielectric constant ε and the square of the 
magnetization M
2
 at 5 K for Fe3O4 nanoparticles with d=15 nm. The ε data forms a hysteresis 
loop with butterfly shape, exhibiting maximum values at H±0.06 T. Similar butterfly loops 
have been observed in materials such as Mn3O4
32
, NiCr2O4
33
, and BiMnO3
34
, in which the 
magnetodielectric effects satisfying the relation ε∝M2 exist due to the presence of spin-
phonon coupling. It is noteworthy that the hysteresis appearing in the M
2
-H curve is much 
smaller than that of ε-H curve. Furthermore, to determine whether the quadratic ME coupling, 
i.e., P ∝ M2, is sufficient to explain the ME coupling, we carefully compare the dP/dH and 
dM
2
/dH curves.
35
 The dP/dH - H curve is indeed markedly different from the dM
2
/dH - H 
curve in Fig. 2d; in particular,it shows a less perfectly asymmetric line shape with respect to 
H-direction change (Figure 2a). This observation also supports that the idea that Fe3O4 
nanoparticles with d=15 nm should have both linear and quadratic effects as known for the 
bulk magnetite. The polycrystalline Fe3O4 pellet studied here (bulk #1) also exhibited almost 
same line shape as that of Fe3O4 nanoparticles, further supporting the presence of both linear 
and quadratic ME effect (Figure S4, supporting information). 
Figure 2e presents the MES data for Fe3O4 nanoparticles (d=15 nm) measured measured at 
10, 15, 30 and 50 K. As temperature is increased, the MES value as well as the highest field 
at which MES disappears decrease rapidly, but the small MES signal with a maximum value 
of ~0.03 ps/m was persistently observable up to 50 K. As the MES at 50 K shows an almost 
perfectly asymmetric line shape with respect to the sign reversal of H, the ME coupling is 
likely to be purely quadratic. However, for the negative poling (-EP) at 50 K, the MES signal 
did not exhibit a perfect sign reversal as compared with the +EP case. This implies that the 
specimen is not in a perfect ferroelectric state or a perfect magnetoelectric state at 50 K. The 
MES vs. H curve at 30 K looks quite similar to that at 50 K. Therefore, the small quadratic-
like ME signals observed at 30 and 50 K for the +EP case might come from the 
magnetostriction of the Fe3O4 nanoparticles and resultant length modulation of Stycast
TM
 via 
interface strain coupling between the Stycast
TM
 and the Fe3O4, which have small 
piezoelectric
36
 and magnetostriction properties, respectively. On the other hand, we note that 
the dP/dH curves below 15 K exhibit a sudden increase in the overall MES magnitude as well 
as a noticeable difference in the absolute values of the maximum and minimum value of 
dP/dH. Moreover, the MES shows the sign reversal with respect to the poling direction 
change as expected in ferroelectric or linear ME media. This represents clear evidence of the 
drastically enhanced linear ME effect that is inherent to the Fe3O4 nanoparticles (d=15 nm) 
below 15 K. Therefore, the MES data measured at low temperatures below 15 K should 
reflect the intrinsic ME coupling of the nanoparticles.    
Since we have confirmed that the MES data below 15 K reflects the intrinsic ME 
properties of nanoparticles, we next investigate the MES evolution with various d at 5 K, as 
summarized in Figure 3a. The maximum MES value for microparticles with d >10 m and 
d=3m, and nanoparticles with d=15, 12, 7, and 5 nm, all of which were embedded in 
Stycast
TM
, were found to be 0.44, 0.48, 0.6, 0.25, 0.16 and 0.03 ps/m, respectively. The data 
implies that the maximum MES signals are more or less similar for a diameter range of 15 
nm < d < ~10 µm. Most importantly, the MES maximum starts to decrease systematically 
from d=15 to d=7 nm before almost disappearing for d5 nm. 
Based on the integration of the dP/dH vs. H data, we can extract H-dependent variation of 
the electric polarization (ΔP-H) in the nanoparticles. Figure 3b summarizes the ΔP-H curves 
obtained for +Ep in Fig. 3a. Consistent with the dP/dH vs. H behavior, both symmetric ΔPsym 
(=(P(H)+P(-H))/2) and asymmetric ΔPasym (=(P(H)-P(-H))/2) polarizations coexist in the 
Fe3O4 nanoparticles, similar to the case of the Fe3O4 single crystal.
8
 ΔPsym and ΔPasym indeed 
do correspond to the quadratic and linear ME effects, respectively, in the low H bias regime. 
It is found that ΔPsym starts to decrease monotonically from d=3 m, whereas ΔPasym 
decreases from d = 15 nm. Eventually, both ΔPsym and ΔPasym  are suppressed such that they 
become negligibly small in nanoparticles with d = 5 nm and completely disappear for d = 
3nm. The critical diameter for having an appreciable ME effect is then at least 5 nm. 
Interestingly, Lee et al. recently found that the Verwey transition disappears in nanoparticles 
with d ≤ 6 nm, which is quite close to the critical diameter for observing the ME effect.27 
Therefore, our experimental findings corroborate the theoretical prediction that the ME effect 
in magnetite is linked to the peculiar charge-orbital-spin ordered state realized by the Verwey 
transition. 
In sharp contrast to the decrease in the MES signal in nanoparticles with smaller diameters, 
we found that the MES signal survives for higher temperatures. Figure 4a presents the MES 
of the nanoparticles as a function of temperature from 5 to 50 K, measured at the magnetic 
field where MES shows a maximum at 5 K. As clearly seen in Fig. 4a, the temperature TME 
below which the MES starts to be significant, has systematically increased with reduceded d 
for both +Ep and -Ep cases. To estimate TME consistently for each nanoparticle, we chose the 
temperature at which a base line and a linearly extrapolated line from the steeply increasing 
part of the dP/dH curve meet. The dashed lines in Fig. 4a summarize TME’s values; 9.8, 15.6, 
18.5, and 19.7 K for the micro-particles (bulk #2) with d= 3 m, and nanoparticles with d= 
15, 12, and 7 nm, respectively [the corresponding curves for bulk #1 with d>10 m were 
almost same as that with d=3 m].  
To understand the physical origin of the increase in TME with reducedd, we measured M vs 
T curves at 10 mT and plotted their temperature derivative dM/dT in Figure 4b. An 
anomalous peak (or maximum) in the derivative of magnetization (dM/dT) appears at 9.9 K 
for the Fe3O4 microparticles, indicating that the magnetization sharply decreases at the 
temperature. It turns out that the peak temperature is indeed close to the TME = 9.8 K, below 
which the triclinic structural transition presumably occurs, increasing the ME effects in bulk 
Fe3O4. Upon decreasing the particle diameter, the temperature of the dM/dT maximum 
increases monotonically in rough proportion to TME; microparticles, the dM/dT maximum 
almost coincides with TME, while for nanoparticles, it becomes slightly smaller overall. A 
close look at Fig. 4c reveals that the dM/dT curves become progressively broader and exhibit 
weaker anomalies as the particle size is reduced. This indicates that the drop in magnetization 
gets shallower and broader. Therefore, the magnetization drop seems to occur in a broader 
temperature window as the surface effects become more important with the reduction of the 
particle diameter.  
One appealing scenario to explain the above findings is the “core-shell” model expected in 
magnetic nanoparticles. In a recent study of related spinel CoFe2O4 nanoparticles which 
display a ferrimagnetic ordering at 860K in their bulk state, Sun et al
37 
found spectroscopic 
(phonon vibration modes) evidence that a core with aligned spins is surrounded by 
magnetically disordered shell. Moreover, the vibrational mode analyses showed that the shell 
thickness of 0.4 nm in d=14 nm particles increased to 0.8 nm in 5 nm particles, demonstrating 
that an associated local distortion of the lattice takes place on the length scale of the unit cell. 
These experimental results by Sun et al. can be directly applied to understanding the size-
dependent ME effect as well as the magnetization drop in the Fe3O4 nanoparticles. As the 
particle diameter is reduced, the magnetically disordered shell should increase in thickness. 
Moreover, the magnetically disordered shell seems to favor the stabilization of the triclinic 
structure over the monoclinic one at higher temperatures, possibly because the lower crystal 
symmetry becomes more compatible with the magnetically disordered spin state. As a result, 
the shell regions can display a concomitant structural and magnetic transition at high 
temperatures, the value which will have a distribution depending on the distance of each 
structural unit from the surface. The smaller the particle diameter, the broader can be the 
range of transition temperatures in the shell. Combined with the original magnetic transition 
in the core, the effective center temperature for the magnetic transition can be shifted toward 
higher temperatures, as illustrated in Fig. 4 (d). The conspicuously enhanced TME in 
nanoparticles can then be attributed to the increased shell volume, which favors the 
stabilization of the magnetically disordered spin state and the triclinic phase at higher 
temperatures. We note that the present mechanism of the core-shell effect on ME properties 
is generally applicable to other nanomagnets exhibiting the ME effects. 
In summary, we successfully measured the ME coupling of spherical Fe3O4 nanoparticles 
with systematic variation of the diameter from d=15 nm to 3 nm, by embedding the particles 
into a polymer host. When the diameter of Fe3O4 nanoparticles is reduced, at the lowest 
temperature of 5 K, the ME coupling becomes weaker and eventually disappears at a critical 
diameter of 5 nm. On the other hand, the ME coupling persists to higher temperatures up to ~ 
20 K in the nanoparticles with d=7 nm, which could be understood as a result of the shell 
effect with the magnetically disordered spin state. The observation of size-dependent ME 
properties in Fe3O4 nanoparticles should further stimulate the exploration of new ME effects 
and their applications in other nanomaterials. 
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Figure 1 (a) Schematic illustration of the preparation of the nanoparticles and (b) the 
configuration of the ME measurements employed in the magnetoelectric susceptometer. (c) 
Transmission electron microscopy images of Fe3O4 nanoparticles with a diameter of 15 nm.  
 
 
  
 
 
 
Figure 2 Magnetic field dependence of (a) magnetoelectric susceptibility (MES) (=dP/dH), 
(b) dielectric constant (ε), (c) square of magnetization at 5 K, (d) field derivative of square of 
magnetization at 5 K and (e) MES of the Fe3O4 nanoparticles with d= 15 nm at selected 
temperatures. 
 
 
 
Figure 3 Magnetic field dependence of (a) dP/dH and (b) polarization integrated from dP/dH 
cureve resulting in symmetric and asymmetric shapes with respect to H in the Fe3O4 particles 
of various diameterss. (c) The polarization difference between 0 and 2 T for the symmetric 
and asymmetric cases. 
 
Figure 4 (a) Temperature dependence of dP/dH for Fe3O4 particles with d=3 m, 15 nm, 12 
nm, and 7 nm, all embedded in the Stycast
TM
. (b) Temperature derivative of the 
magnetization (dM/dT) measured at H= 10 mT. The horizontal bar in each plot represents a 
temperature window that shows 3 % variation from the maximum value. (c) The maxima 
from the dM/dT curves (asterisks) and TME (solid circles) where the ME effect starts to 
increase steeply. (d) Illustration of the core-shell effect on the ME effect, resulting in the 
effective increase of TME and the broadening of the dM/dT curves in smaller particles. 
